The rapid expansion of oil and gas exploration and production into the Arctic Region will require advanced interdisciplinary technical and management approaches to achieve international standards. This paper explores the current status of Arctic exploration activities with a focus on northern Russia, and expands on lessons learned from other Arctic and sub-Arctic projects such as Sakhalin, Shtokman, and Beaufort Sea US and Canada. Coordination of multinational oil and gas organizations for environmental, health, safety, and security performance to international standards requires considerable careful multifaceted planning. Fundamental to success are both cultural and regulatory alignment processes, and a recognition of the need for interdisciplinary technological and management considerations to cover the challenges in physical, chemical, biological, and social components. This paper identifies specific emerging Arctic considerations which highlight the need for interdisciplinary approaches such as sea ice dynamics, navigation, undersea completion technologies, logistics, meteorology, satellite communications in Polar regions, permafrost, marine ecology and biodiversity (fisheries, birds, mammals, plankton), native people's, and application of international laws, treaties,, and standards. Meeting the challenges of the Arctic will require substantial increases in investment, coordination, cooperation, and interdisciplinary scientific knowledge.
INTRODUCTION
The Arctic Region is most generally defined by the Arctic Circle, which in 2012 is at 66 degrees, 33 minutes, and 44 seconds North. It is the southernmost latitude where the sun remains above the horizon for 24 hours during the summer in the Northern Hemisphere. This latitude is not fixed due to the axial tilt of the Earth, which can vary by as much as 2 degrees over a periodicity of about 40,000 years. Additional parameters and characteristics are required to gain a broader understanding of the Arctic Region and its physical, chemical, biological, social, and political aspects. An average monthly isotherm of 10 degrees C for air temperature at 2 m above ground level is a convenient and practical Arctic determinant. (See Figure 1 for plot of 2012 Arctic Circle and a historical 10 o C isotherm plot). According to some astronomical calculations the Arctic Circle is currently moving northward at about 15m per year. Important oil and gas resources occur within the Arctic Region. It has been calculated that about 13-14% of the world's undiscovered oil may lie within this area, and a significantly higher estimate is obtained when the areas immediately adjacent to the region are included to the South, in the North Temperate Zone. However, the USGS and other estimators have indicated that there is an obvious lack of high quality data for huge areas within the Arctic. A 2008 United States Geological Survey estimates that areas north of the Arctic Circle have 90 billion barrels (1.4×10 10 m 3 ) of undiscovered, technically recoverable oil and 44 billion barrels (7.0×10 9 m 3 ) of natural gas liquids in 25 geologically defined areas thought to have potential for petroleum.
(Reference: US CIA, World Fact Book)
There has been significant oil and gas exploration and production accomplished for many years in the Arctic Region, but there are new environmental, social, and geopolitical drivers which must be now taken into consideration. This paper attempts to highlight some of the more salient aspects of Arctic oil and gas exploration and production, focusing on physical, chemical, biological, social, regulatory, and engineering. Topics such as global climate change effects to ice cover and navigation, facilities siting, permafrost, ecology and the Arctic food web, and other factors are of high interest and concern. Global geopolitical aspects and socioeconomics are also discussed. Fundamentally, the principal premise of the paper is to examine the need for a more interdisciplinary focus, from strategy through to implementation on largescale oil and gas exploration in the Arctic. Obviously, the combination and permutations of pertinent regulations with respect to development of the Arctic must necessarily consider those of the host country. Russia has a very highly evolved set of environmental regulations, but offshore Arctic specificity is lacking in many areas. Modernization of Russian regulations has been a slow process overall, and likely will continue to be lagging behind the industry's needs for clarification. This presents serious problems for rapid deployment of new technology for oil and gas exploration and production in the Arctic. Social elements of international standards will also need to be factored into the development equation, often requiring detailed negotiations with indigenous groups. In most instances, there are no firm guidelines as to how seasonal semi-nomadic inhabitants should be treated. Whereas most international oil and gas exploration and production companies normally do not require international financing per se, there will be an increasing need for international political risk insurance and vendor coverage. Most larger oil and gas companies now engage international standards and best practices as part of shareholder value protection and standard corporate policies and operating procedures. There is every indication that environmental and social standards will be more stringent in the Arctic as compared to other environments around the globe. Let us now turn to some brief discussions of the salient physical, chemical, biological, social, regulatory, and engineering concerns of Arctic oil and gas exploration and development in the 21 st Century.
INTERNATIONAL STANDARDS

PHYSICAL ENVIRONMENT:
The Arctic ice coverage has been declining, generally more rapidly than most models predict. At the time of this writing (June 18, 2012), the following is the current sea ice coverage as monitored by satellite and reported in quasi realtime by the National Snow and Ice Data Center, Boulder, Colorado, USA. Warming of the Arctic also causes changes in the physical environment of the nearshore and onshore regions. Melting of permafrost of the Arctic Region, and development of thermokarst erosion poses major obstacles to development of the entire region. The physical integrity of the land to sustain roads, laydown areas, building sites, foundations, and other infrastructure is compromised with accelerated thermokarst. The formation of thermokarst can accelerate the melting of the permafrost and result in significant increases in methanogenesis, release of the trapped methane from the subsurface. Methane is roughly 23 times more potent as a greenhouse gas as compared to carbon dioxide. One can start to appreciate some of the important linkages that exist in Arctic between physical, chemical, biological, and ultimately, social components.
Northern Sea Route expected to ship 1.5MM tonnes in 2012 (A. Staalesen, Barents Observer, February 8,2012 Recent investigations of orbital climate forcing based upon high density dendrochronology raise interesting discussion points with respect to global climate change that will require substantial interdisciplinary evaluation and assessment.
CHEMICAL ENVIRONMENT -
The chemical environment of the Arctic is of high interest. Air quality, water quality, marine geochemistry, methanogenesis (production of methane from permafrost and the seabed), chemical pollution, and nuclear waste disposal have all taken their turn as issues of the day with respect to chemistry of the Arctic. Complex depositional histories of materials in the Arctic environment are being studied through detailed sedimentological coring. This information is being used as a basis for understanding past climates and historical oceanographic behavior and events.
A recent oceanographic cruise found that there were undiscovered and widespread methane sources emanating from the Arctic seabed, a significant concern as methane is much more potent as a greenhouse gas than carbon dioxide. The conversion of gas hydrates at the seafloor was ostensibly the source, but much more research will need to be conducted to assess the relative impact of these methane sources. An excellent review of methanogenesis from permafrost was completed by Rivkina et al. (2007) which indicated that methane forming archaea can produce biogenic CH 4 gas at temperatures as low as -16.5 o C. Thermokarst erosion and the degradation of permafrost layers which can extend to depths of 600M or more is of concern. Thermal coastal abrasion that affects permafrost in the cryolithosphere has the potential to release large amounts of CH 4 . Linkages between meteorology, ocean temperature, coastal dynamics, permafrost, and methanogenesis obviously is a good example of the need for interdisciplinary scientific approaches. Group, National Oceanography Center, Southampton, UK, 2012. Another area of chemical concern is natural and anthropogenic radionuclides. There has been a long history of nuclear contamination of the Russian Arctic. The Soviet Union utilized the Arctic as a dumping ground for nuclear and radionuclide contaminated wastes for many years. A limited amount of monitoring has been conducted by joint research groups, but the coverage has been quite limited. Oil and gas exploration and production will need to consider both naturally occurring and anthropogenic radionuclides throughout the Russian Arctic.
Plot of methane plumes emanating from gas hydrates on the Arctic seabed. From Marine Geochemistry
The most highly controversial and obvious chemical concern is focused on Arctic oil spills. Some believe that there does not exist enough knowledge, technology, or capability to address oil spills in the Arctic. Some believe that the technology does exist and that the cold temperatures, ice, and low solubility of the Arctic actually improve the performance of certain oil spill technologies. An oil spill management plan recently advanced for the Arctic has incorporated advanced technologies, including modern well blowout control, satellite and airborne detection using synthetic aperture radar, modern sorbents and dispersants, a comprehensive ice management program, and a host of onsite inspectors and monitors. Risk, trajectory, weathering, and impact analysis of oil spills in the Arctic remain a highly charged arena which will require true interdisciplinary assessment. Oil spill response in the Arctic is especially challenging in winter, when cold and darkness hamper even basic observations. Use of incineration, dispersants, and collection booms are some of the types of oil spill responses that have gained attention and have been tested. Obviously prevention has to be the primary focus of any oil spill control plan, as once oil is released to the Arctic environment, the problem of interception, recovery, and clean up face many difficult challenges, especially in winter months and during broken ice conditions. Recent legal challenges to Oil Spill Response Plans (OSRPs) for oil and gas exploration drilling in the Alaskan Arctic have been brought by coalitions of nongovernmental organizations. The main interest is to make sure that plans and procedures are tested and validated under Arctic conditions, an activity which will require interdisciplinary planning and analysis. Much more real world testing, method development, and efficacy evaluation, especially during broken ice conditions, will be required.
The interdisciplinary approach will be required to link performance, risk, trajectory, weathering, clean up, and impact assessment.
Oil spill clean up in broken ice conditions poses serious challenges.
BIOLOGICAL ENVIRONMENT -The Arctic food web has been the focus of substantial investigation mainly from the perspective of predator/prey relationships. The inter-connectivity of the food web has been the subject of previous investigation and discussion, and much is known about certain charismatic megafauna. Biodiversity programs continue to expand in scope and complexity, to include more than just threatened and endangered species, and to include important niches previously little studied or understood. Ocean Food Web, UNEP, GRID-Arendal, 1997 , 2004 . Example of Arctic Terrestrial Food Web, Tundra. From Canadian Museum of Nature, 2012 . Recent investigations at the microscopic level of plankton, algae, and diatoms has resulted in rather profound new discoveries, such as finding massive algal blooms under ice which have been linked to alternations in the development of "polynyas", ice free lenses that occur in the Arctic ice pack. The analysis of the Arctic food web, both in the ocean and on land, needs to expand to include the physical, chemical, and social components. For example, changes in nutrient levels and timing of algal bloom sequences in the Arctic Ocean has the potential to change zooplankton dynamics, which, in turn, can affect fisheries production and even whale food (krill are a mainstay of many baleen whales). The Arctic food web is one area where there is a very clear need for interdisciplinary activity, linking physical oceanography to water chemistry and nutrients, linking plankton with invertebrates, and then following the food web from fish to birds and marine mammals. The dynamic nature of the Arctic food web demands that more understanding of the interactions be a high priority. Changes in the ice have already been shown to change distribution of animals, from very small scales (ice algae, phytoplankton) to very large scales (walrus and polar bears). Large walrus "haul outs" are now being reported up to a month early in unusual locations. The scale factor is one of immense interest and opportunity for interdisciplinary studies and analysis. The interrelationship of runoff from the major Arctic rivers and the Arctic ocean is poorly understood. Nearshore coastal dynamics, permafrost, thermokarst, and sedimentology are all very important aspects of oil and gas exploration in the Arctic, and all are poorly understood in most areas.
Example of Arctic
Large early walrus haul out, NW Alaska, Associated Press, 2009.
Marine mammal impacts are of high concern in the Arctic environment. The increase of human activities, especially ocean going vessels, offshore drill rigs, oil tankers, aviation, and subsea installations brings with it many new interactions with marine fauna. One of the leading concerns (in addition to potential for oil spill impacts) is noise. According to Hildebrand (2002) , "Expanding use of the sea for commercial shipping and advanced warfare has resulted in noise levels are at least 10 times higher today than they were a few decades ago." Changes in noise environment have been studied in detail at only a few locations around the world. There will be required much more information on the relationship of marine fauna to noise in the future. One of the very first introductory studies conducted on marine mammals, noise, and the oil and gas industry was conducted 30 years ago. In 2007, the Marine Mammal Commission prepared a report to Congress outlining the cooperative recommendations for furthering understanding of this important consideration. Various joint industry programs have been convened over the years to address issues surrounding noise and oil and gas exploration. A new era of ocean noise monitoring and surveillance, coupled with impact assessment and mitigation capabilities has arrived, based upon the deployment of new, more sophisticated devices, including high-frequency acoustic recording packages (HARP). Comprehensive noise management programs will be required to include acute, chronic, fixed, mobile, aviation, ocean going, and miscellaneous noise sources from oil and gas exploration and production. New more stringent regulations are being promulgated for the Arctic and Subarctic region.
Beluga Whale Sonogram -Scripps Institution of Oceanography -Whale Sound Lab, 2012.
High frequency acoustic recording package (HARP) for monitoring noise in the ocean. University of California Davis News, December, 2010.
The interdisciplinary linkage between the physics of noise in the ocean with marine mammal ecology and, ultimately, with mitigation and operational constraints to oil and gas exploration and production is evident in this example.
SOCIAL ENVIRONMENT-
The social, economic, and geopolitical elements of oil and gas development in the Arctic have taken on global dimensions. The Arctic contains approximately 4 million inhabitants worldwide, or about 0.06% of the world's 7 billion plus population, mostly native peoples. It has remained remote, cold, isolated, and economically challenged, but the recent changes in natural resource exploration and development are bringing new inhabitants to the region.
Russia is anticipating that it will maintain its role as world leader by furthering its Arctic development with aggressive plans over the next decades. Joint ventures with Western firms have been advanced, with the potential to invest US$500 billion or more. At the other end of the spectrum are non-governmental organizations (NGOs) who are calling for comprehensive prohibition of oil and gas exploration and production in the Arctic. Some NGOs believe that the risk of oil spills and the consequences from man's inability to respond, recover, and clean up spills in the Arctic environment preclude any further development until such a "response gap" is closed. Some believe that the Arctic should be treated as a giant off limits area for any development, preserved for the future similar in nature to the Antarctic. It is obvious that this "hands off" policy is not shared by the majority of the nations circumventing the Arctic, especially the Russian Federation. Russians have held a long and fervent philosophy of man over nature. Although this is changing somewhat in modern times, President Vladimir Putin indicated in mid 2012 that Russia will have considerable interest in rapid development of the Arctic region, including an aggressive upgrade of naval presence there to protect Russian interests as well as to support natural resource development. Russia has long supported Arctic research and awareness, as exemplified by its long history with Barneo, a floating "town" on the pack ice about 100 km from the North Pole, reconstructed each year, whose research is funded by tourists.
The Russian Barneo floating ice tourist/research town, approximately 100 km from North Pole. (RiaNovosti, 2012)
In August 2007, famed Arctic and Antarctic explorer and Hero of the Soviet Union and Russian Federation, Dr. Artur Nikolayevich Chilingarov, planted a titanium Russian flag at the North Pole, at the bottom of the Arctic Ocean, about 4200 M below the surface of the ice. This stirred considerable concern and debate over "ownership rights" of the Arctic. There have been numerous geopolitical concerns about ownership which are related to the further development of natural resources, and which will require considerable further attention, a key element of the interdisciplinary considerations based in the social and geopolitical realm. The International Seabed Authority and the UN Convention on the Law of the Sea (UNCLOS) has adopted some interdisciplinary approaches regarding sustainability of ocean based natural resources.
Dr. Artur Nikolayevich Chilingarov, with photo of titanium Russian flag at bottom of Arctic Ocean, North Pole. AP
The Russian Academy of Sciences, various universities, and many design institutes have long practiced what can be regarded as a "pillar" approach to science. Over the years, specialists would rise in their pillars to very high levels of knowledge and sophistication. This is not unlike similar processes in other large corporations where pillars (or "silos") of information and power reside. In today's world, it is widely recognized and considered very important to start changing the pillar or silo approach to a much more integrated matrix approach, where information, knowledge, and ultimate decision making is based upon an interdisciplinary consideration of all important factors. Different disciplines bring different perspectives and "pieces of the puzzle" to all phases of project development. This is easy to say and very difficult to achieve. Despite the challenges there is some very significant progress being made on the basis of improved communications, networking, and linkage software that allows almost instantaneous collaboration and discussion of complex issues. Perhaps the main challenge is developing the appropriate leadership model for effectively focusing the efforts, evaluating inputs, and arriving at an effective conclusion. The integration of economics into the interdisciplinary environmental and social assessment process must not be underestimated. First things first, we must focus efforts on breaking down the pillar or silo mentality, and work toward an integrated matrix organizational approach where all key elements of the interdisciplinary discussion can be identified, evaluated, and weighted in the final project approach. The emerging role of what we term "Enviro-Informatics" where platforms are created for interdisciplinary data handling, assessment, and reporting is an important element as we develop the ability to collect and process more and more digital information quickly, often in real time or quasi real time (See www.aata.info).
More and more interconnectivity is now available to the world. "We live between the paradigms of network, cell and silo, more connected to each other than we've ever been, but potentially more isolated." (Barlow, 2011) . Dealing with the massive amount of new information in an interdisciplinary way, giving proper weight to all elements, while arriving at conclusions that benefit the world within a modern sustainability framework requires breaking down silos (pillars) especially in the scientific and technical disciplines. Oil and gas exploration and development faces great challenges in the Arctic which will require specific efforts to achieve important interdisciplinary cross linkages between physical, chemical, biological, social, regulatory, political, and engineering disciplines. Geopolitical aspects of Arctic oil and gas development are anticipated to be among the most powerful forces of the 21 st Century.
"Network, (cells and silos)" Understanding interconnectivity in the modern world. Monash University Museum of Art 2011
ENGINEERING -Many engineering advances are playing a large role in expanding man's ability to develop natural resources in the Arctic. As is well known, the physical properties of metals and alloys changes at extreme temperatures. New advancements in materials science allow for better performance of many types of equipment in the Arctic, from transportation to human habitation. Global satellite based communication using geostationary satellites is expanding to further accurate surveying, and to support remote facilities. Remotely operated vehicles and oceanographic data collection platforms mounted in a new generation of "gliders" are advancing our understanding of the Arctic ocean environment. Ocean buoys that can withstand extremely low temperatures and ice conditions are being deployed. Development of high technology robotic equipment that allows for undersea exploration and production is making strong advancements, including various subsea infrastructure and electronic subsystems (wiring, communications, pumps, piping, anchoring, video, inspection, and control devices). Conceptual designs for complete underwater robotic installations are now taking their place beyond the drawing board. Operation and installation of such advanced technology requires comprehensive interdisciplinary planning and analysis to include physical, chemical, biological and social aspects (e.g., seabed geology and geochemistry, hydrodynamics, water quality, sea ice formation, fisheries, navigation, noise, marine mammals, temperature, pH, etc.
From DORIS Engineering, 2012.
There is a new revolution in Arctic design concepts for human intervention in the far north. Engineering opportunities will increase for innovative interdisciplinary approaches for meeting challenges of the Arctic environment. The oil and gas industry is advancing on many fronts with respect to support of its human resources in the Arctic, including basic housing, nutrition, transport, health, safety, survivability, offshore extended stays, submarine operations, training, etc.
Modern Arctic habitation linked to historical igloo design concepts. Jergen Bjerring, 2010 .
THE INTERDISCIPLINARY APPROACH -Whereas there are a multitude of investigations being mounted in the Arctic, some of which have historically attempted to understand linkages between the many physical, chemical, biological, and social factors, it is the principal premise of this paper that there needs to be much more interdisciplinary thinking applied. We often reference the Three C's in our approach to this dilemma: Communication, cooperation, and collaboration. Certainly the advent of modern digital communications (satellites, digital networks, emails, smart phones, etc.) has greatly enhanced our ability to share information all around the globe. Furthering cooperation and collaboration, it is important to engage interdisciplinary thinking early in the process of project development. Breaking down silos and pillars, creating effective networks, and establishing effective international linkages are all of paramount concern. Interdisciplinary scientific investigation, certainly during the baseline data collection for impact and risk assessment of large proposed Arctic projects is considered an essential element of Arctic development. Of particular importance is consideration of the changes in physical, chemical, biological, and social aspects and their inter-relatedness. We are already obtaining information that is highlighting the fact that we do not know and cannot predict what is happening in the Arctic under current changing conditions. Such is the case for the remarkable discoveries of massive algal blooms under ice, newly discovered and completely unpredicted migration routes for gray whales, early walrus haul outs, and largescale methanogenesis of the Arctic seabed. Recent plans to deploy drill rigs in the Alaskan Arctic were thwarted by unusual late sea ice conditions, whilst the Russian Arctic was experiencing early ice off. High pressure over Alaska during winter coupled with unusual ocean currents resulted in the heaviest ice pack in nearly 10 years according to the National Weather Service. Such conditions point to the need for more interdisciplinary understanding of the Arctic.
Further communication, cooperation, and collaboration (the Three C's) are needed to achieve interdisciplinary progress, and to piece the "big picture" together. Increased interdisciplinary technical and management approaches will be required to achieve international standards of quality and performance, and to cope with the many inherent challenges, impacts, and risks associated with development of this valuable and important region. The oil and gas industry has a major role to play and will be expected to engage interdisciplinary concepts on all fronts to achieve international standards and success in the Arctic.
